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E-mail address: suzanne.degallaix@ec-lille.fr (S. DeIn this paper, polycrystalline bi-phased microstructure calculations were performed using ﬁnite element
(FE) method and compared to mechanical ﬁelds measured experimentally using a digital image correla-
tion (DIC) technique. From scanning electron microscopic (SEM) observations and electron back-scat-
tered diffraction (EBSD) crystal orientation measurements performed on an austenitic-ferritic stainless
steel test specimen, a quasi-2D numerical polycrystalline microstructure was constructed. Mechanical
behaviors of austenitic (FCC) and ferritic (BCC) grains were modeled by two crystal plasticity laws, based
on crystallographic slips and dislocation densities. FE mechanical ﬁelds were calculated using two types
of boundary conditions: the displacements measured by DIC, and the average of the displacements mea-
sured by DIC. A better description of intraphase and intragranular strain heterogeneities is obtained using
as boundary conditions the displacements measured instead of the average of the displacements
measured.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
In polycrystallinematerials undermechanical loading, heteroge-
neous strains occur, in particular due to macroscopic strain gradi-
ents, hardness of individual phases and/or crystals, grain boundary
effects, and grain to grain interactions. Especially in low-cycle fati-
gue, damage and micro-crack initiation and propagation are con-
trolled by strains and/or stresses localized in a thin surface layer,
inside individual grains, at grainboundaries or at grainboundary tri-
ple points. Such localizations depend clearly on the crystalline
arrangement at the surface and in the depth. Unfortunately, the
mean-ﬁeld homogenization techniques (Lebensohn et al., 2004)
cannot predict such localizations. Hence, polycrystalline micro-
structure calculation using ﬁnite element (FE) method on a limited
number of grains is an efﬁcient tool to access to mechanical ﬁelds
at the grain scale, especially at the free surface, and then to under-
stand and predict the low-cycle fatigue damage phenomena.
In the last decades, many efforts were done in order to construct
numerical microstructures more and more realistic. 2D or 3D Vor-
onoï tesselation algorithms (Barbe et al., 2001a,b; Cailletaud et al.,
2003) and derived ones as power diagrams (Kühn and Steinhauser,
2008) have been extensively used in order to predict stress/strainll rights reserved.
ce, F-59000 Lille, France.
gallaix).ﬁelds at the grain scale, and then intergranular and intragranular
mechanical heterogeneities. However, although the actual grain
size distribution can be taken into account in such numerical
microstructure, often the grain morphology is not realistic, notably
when the grain shape is non-equiaxial. Thus, also the crystallo-
graphic texture is not realistic. It can be noted that new Voronoï
tesselation algorithms have been developed by Brahme et al.
(2006), Bertolino et al. (2007) and St-Pierre et al. (2008) in order
to generate microstructure with non-equiaxial grains. In order to
obtain more realistic description of the crystallographic texture
and the grain morphology, electron back-scattered diffraction
(EBSD) measurements are more and more used to generate either
a quasi-2D numerical microstructure (Hoc et al., 2003) or a 3D
numerical microstructure (Erieau and Rey, 2004; Musienko et al.,
2007). For generating a quasi-2D numerical microstructure, usu-
ally the free surface microstructure of the specimen is analyzed
by EBSD. The orientation map of the grains and the pattern of grain
boundaries at the free surface are obtained. The grain boundary
pattern is thus extruded in the out-of-plane direction, and colum-
nar grains are obtained. To construct a realistic 3D numerical
microstructure, the surface must be several times slightly polished
(Erieau and Rey, 2004), or milled by focused ion beam (FIB) (Xu
et al., 2007), with an EBSD scanning after each step. These tech-
niques offer the advantage to give a good description of the grain
sizes and shapes at the surface and in the depth, but are long
Fig. 1. Microstructure observed by optical microscopy. Austenite is in white and
ferrite in gray.
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tigue, when the aim is to analyze the surface relief evolution using
many observations performed at the same free surface during cyc-
lic loading.
The recent developments of experimental techniques of dis-
placement and strain ﬁeld measurements at the grain scale (Soppa
et al., 2001; Schroeter and McDowell, 2003; Tatschl and Kolednik,
2003; El Bartali et al., 2007; Moulart et al., 2009; Efstathiou et al.,
2010; Saai et al., 2010) offer an efﬁcient tool to validate a polycrys-
talline microstructure calculation by comparison of the mechanical
ﬁelds calculated and measured and/or of the macroscopic stress–
strain curves (Hoc et al., 2003; Musienko et al., 2007; Saai et al.,
2010; Héripré et al., 2007). In other respects, such experimental
measurement techniques can be used to identify the parameters
of crystal plasticity laws using an inverse procedure (Hoc et al.,
2003; Héripré et al., 2007).
This paper is part of a larger work which aims at studying the
low-cycle fatigue behavior of a duplex stainless steel. In order to
analyze crack initiation micromechanisms in low-cycle fatigue,
microstructure calculations are necessary. Constitutive laws of
crystalline plasticity have been used and identiﬁed by comparison
of experimental macroscopic stress–strain results and simulations
with a mean-ﬁeld polycrystalline model (Evrard et al., 2008a,b). It
is ﬁrst necessary to validate the crystalline constitutive laws used
by comparison of kinematic ﬁelds obtained by microstructure cal-
culation to experimental ones. The analysis is made on a limited
zone of the surface of a specimen, because the studied zone does
not have to be a Representative Volume Element, as this function
has already been allotted to the polycrystalline model for which
a sufﬁciently large distribution of crystalline orientations has been
chosen (Evrard et al., 2008a). The present paper aims at choosing
the pertinent boundary conditions for this calculation by compar-
ison between the grain scale mechanical ﬁelds measured by DIC
and those obtained by microstructure simulation.
2. Material
The material studied is a forged duplex stainless steel type X2
Cr Ni Mo N 25-07 alloyed with nitrogen. This bi-phased polycrys-
talline steel contains approximately 40% volume of austenite and
60% volume of ferrite. Its composition is given in Table 1. It was
supplied in rolled bars of 70 mm in diameter, solution treated for
an hour at 1060 C and then water-quenched before machining
the specimens. The resulting microstructure (Fig. 1) consists of
long polycrystalline austenitic rods (£ 10 lm  1 mm) in a poly-
crystalline ferritic matrix. The austenitic grains are equiaxial, with
a mean grain size of 10 lm. The ferritic grains are elongated in the
bar axis direction, with a mean grain size of 10 lm transversely
and 30 lm longitudinally. The crystallographic texture has been
measured by X-ray diffraction. Pole ﬁgures reveal no texture for
the austenite, and only a very slight texture for the ferrite (El Bar-
tali et al., 2007). Tensile tests in both longitudinal and transverse
directions of the bar do not show any mechanical anisotropy (Evr-
ard et al., 2008a).
3. Experimental mechanical ﬁeld measurement technique
The displacement and strain ﬁelds at the grain scale were mea-
sured after a monotonous tension test up to a total macroscopicTable 1
Chemical composition of the duplex stainless steel studied (in wt%).
C Cr Ni Mo Mn Si
0.024 24.68 6.54 2.84 0.79 0.62deformation of 0.5% performed at room temperature under strain
control and at the constant total strain rate _E11 ¼ 103 s1, using an
original procedure developed by El Bartali et al. (2007). A cylindrical
specimenwas taken in thebar, parallel to thebar axis. Its dimensions
are given in El Bartali et al. (2007). The strain was measured by a
strain gauge extensometer ﬁxed on the specimen, with a 10 mm
gauge length. The surface of the specimen was regularly observed
during the low-cycle fatigue test (El Bartali et al., 2007). The zoneob-
served was small enough to reveal the surface damage at the grain
scale and large enough tobe representative of the two-phasedmate-
rial. Images, about 120  90 lm2 (corresponding to 1368  1024
pixels), were acquired using a 10-bits CCD camera mounted on the
testing machine through 3D micrometric table (Fig. 2).
The ﬁnal aim of this study is the analysis of the damage in low-
cycle fatigue. As this damage occurs on the surface, it was not pos-
sible to mark the surface, because that would have favored an early
damage, or to paint it, as it would prevent to link kinematic ﬁelds
to grain or phase shape or to slip systems activated. In that context,
grid techniques were not considered (Schroeter and McDowell,
2003; Moulart et al., 2009; Badulescu et al., 2009) as they need
marks or painting on the surface and a solution by digital image
correlation (DIC) was chosen (Besnard et al., 2006; Hild and Roux,
2006; Efstathiou et al., 2010). These two techniques have both
been used to provide displacement and strain ﬁelds at the grain
scale (Moulart et al., 2009; Saai et al., 2010; Efstathiou et al.,
2010; Héripré et al., 2007; Schroeter and McDowell, 2003; Raabe
et al., 2003; El Bartali et al., 2009). The random surface texture nec-
essary for the image correlation was obtained by a slightly electro-
chemical etching of the specimen.
The principle of the strain ﬁeld measurement method used con-
sisted in taking two images at the grain scale, coded in gray levels,
the ﬁrst image before loading (reference image) and the second
after loading (deformed image). In-plane displacement and strain
ﬁelds were obtained using the speciﬁc software CorreliQ4 (Hild
and Roux, 2006). The correlation procedure consists in subdividing
the reference image into several small squares (l  l pixels), which
deﬁne the mesh. The position of each of these squares is searched
for in the deformed image using a correlation method (Hild and
Roux, 2006), giving the in-plane displacement ﬁeld. The strain ﬁeld
is then calculated as the gradient of the displacement ﬁeld.
Performances of the displacement and strain ﬁeld calculations
in terms of resolution and accuracy were evaluated on images ob-N Cu P S Fe
0.17 0.07 0.021 <0.003 Balance
Fig. 2. In situ microscopy device mounted on the testing machine.
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limit uncertainties when keeping a space resolution compatible
with intragranular strain heterogeneities and the grain size. Mesh
size is then 32 pixels, which represents about 3 lm. Displacement
uncertainty was evaluated at 2 102 pixel and strain uncertainty
at 8 104 (El Bartali et al., 2009).
The present work is in keeping with a larger study aiming the
low-cycle fatigue life domain, and thus interesting only in the plas-
tic but small total deformations (less than 1%). In low-cycle fatigue,
the out-of-plane strains result exclusively from surface slip mark-
ings, which appear progressively during cycling, and are still rare
after the ﬁrst cycle. Grain rotations are also very limited. As a con-
sequence, the experimental device developed did not aim to mea-
sure the out-of-plane deformations, which were very low and then
did not disturb the in-plane strain measures.4. Quasi-2D numerical microstructure construction
EBSD measurements were performed on the specimen surface
before the mechanical test to obtain crystallographic orientations
of surface grains and the grain boundary arrangement (El Bartali
et al., 2008). These measurements were performed using a 6100
JEOL SEM equipped with an EBSD system and OIM (Orientation
Imaging Microscopy) TSL software. EBSD scans were performed in
beam control mode using hexagonal scanning grids with a spatial
resolution of 0.5 lm/step. From these EBSD measurements, a qua-
si-2D numerical microstructure was generated using Abaqus FE
software thanks to speciﬁc subroutines.1 Each mesh element corre-
sponded to an EBSD measure. As the EBSD grid was hexagonal, every
other line was used for the construction of the numerical microstruc-
ture. The pitches of the microstructure mesh were then 1 lm and
0.866 lm. In order to avoid edge effects, the numerical simulation
was limited to an area sufﬁciently far away from the image edges.
The size of the zone scanned by EBSD (Fig. 3b and c) was then
63  60 lm2. This zone contained 52 austenitic grains and 12 ferritic
grains and the surface fractions were 39% of austenite and 61% of fer-
rite, which was representative of the phase volume fractions.
For each surface grain, the surface grain boundary shape was
respected. As the information in the out-of-plane direction was
not available, we have considered an ideal columnar grain mor-
phology, obtained by an extrusion in the out-of-plane direction.
The thickness of the extruded mesh recommended, if experimen-
tal boundary conditions are used, is approximately one grain size1 These subroutines were developed by the MSSMAT laboratory.(Héripré et al., 2007), which corresponds to 10 lm in the DSS
studied. If homogeneous boundary conditions are used, the
thickness of the mesh has to be larger, i.e. at least two grain
sizes (Zeghadi et al., 2007a,b). Then the crystallographic
orientations measured (three Euler angles) were assigned to
the grains. The generated grain boundaries were perpendicular
to the surface and only one layer of grains was modeled.
Fig. 4a shows the numerical microstructure with austenitic
phase in red2 and ferritic phase in blue, and Fig. 4b shows the
same numerical microstructure, where each color represents a
grain and its crystallographic orientation. Finally, a three dimen-
sional mesh is created with C3D8R reduced integration elements
(Fig. 4) in order to limit the calculation time, and three elements
in the thickness.5. Boundary conditions
For FE microstructure calculation at the grain scale, homoge-
neous (displacement or force) boundary conditions are often ap-
plied (Cailletaud et al., 2003). The simulated zone is too small to
be a Representative Volume Element and mechanical ﬁelds simu-
lated with homogeneous boundary conditions or periodic ones will
then highly depend on edge effects (Héripré et al., 2007). The only
solution is then to use experimental displacements as boundary
conditions in order to simulate realistic local mechanical response
of the numerical microstructure. Moreover, it has been showed
that using experimental boundary conditions allows to limit errors
made by using a quasi-2D microstructure instead of the real 3D
microstructure, as the experimental displacement ﬁeld used as
boundary condition takes into account the inﬂuence of the grains
beneath the surface (Héripré, 2006). The average mechanical
behavior of this small numerical microstructure can of course not
be representative of the homogeneous material and can then not
be compared to the macroscopic stress–strain curve.
In this paper, the in-plane displacements measured by DIC on
the boundaries of the modeled zone are used as boundary condi-
tions applied to the numerical microstructure, and the face behind
is blocked in out-of-plane direction (Fig. 4a). Two types of bound-
ary conditions have been tested. In both cases, boundary condi-
tions were homogeneous in the thickness as no information was
available in the depth of the specimen. On the one hand, the aver-
ages of displacements measured in directions 1 and 2, respectively,
were applied on the lateral faces of the numerical microstructure,
conditions called homogeneous experimental boundary conditions.
On the other hand, the measured actual displacement distributions
were applied (node to node), conditions called heterogeneous exper-
imental boundary conditions. As no information was available in
thickness, the actual displacement measured on the surface was
applied also to nodes in the thickness.
The experimental displacements applied on the boundaries of
the numerical polycrystalline microstructure were measured be-
tween images taken at 0% total strain (virgin material) and after
a monotonous tension test up to 0.5% of macroscopic total strain.
At the grain scale, the actual evolution of displacements during
the loading was probably a non-linear function of the time and de-
pended on the point considered. Ideally, it would be necessary to
take numerous images of the surface during the loading in order
to properly evaluate the non-linearity of displacement and strain
ﬁelds when the loading goes beyond the elastic limit. Some authors
proposed to impose boundary conditions as non-linear functions of
the time, based on the macroscopic stress–strain non-linearity
(Gélébart et al., 2004). However, in this study, as a ﬁrst step,2 For interpretation of the references to color in Fig. 4, the reader is referred to the
web version of this paper.
Fig. 3. (a) Image obtained by CCD camera and choice of the EBSD scanned zone. (b) Grain crystallographic orientations in the scanned zone. (c) Phase nature in the scanned
zone: austenitic grains are in orange and ferritic grains in green (El Bartali et al., 2008). (For interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this paper.)
Fig. 4. (a) Numerical microstructure showing austenitic grains in red and ferritic grains in blue. (b) Numerical microstructure showing the grains and their crystallographic
orientation.
1982 P. Evrard et al. / International Journal of Solids and Structures 47 (2010) 1979–1986displacements applied to numerical microstructure were supposed
linear functions of the time, for both boundary condition types.
Using experimental boundary conditions imposes that the
numerical microstructure is smaller than the zone on which kine-
matical ﬁelds were measured. Moreover, in order to limit edge ef-
fects on the calculation of displacements used as boundary
conditions, the peripheral zone with a width of 4 DIC mesh size
has not been considered for numerical simulations. The size of
the numerical microstructure is then 63  60 lm2 (Fig. 4b).6. Crystal plasticity laws and material parameters
In the following, X; X; X and X are, respectively, scalar, vector,
second-rank and four-rank tensors. Index ‘i’ refers to the austenitic
(a) or ferritic (f) phase and the exponents (s) and (g) refer, respec-
tively, to the slip system and the number of the grain.
The crystal plasticity laws are implemented in Abaqus using a
user subroutine (UMAT). FCC and BCC crystal plasticity laws for
austenitic (12 slip systems {111} h110i) and ferritic grains (24 slip
systems {110} {112} h111i), respectively, are implemented simul-
taneously in the subroutine (UMAT) in order to take into accountboth types of grains in the microstructure calculation. The numer-
ical scheme used is an explicit forward gradient scheme (Pierce
et al., 1983; Teodosiu et al., 1991).
The elastic behavior is modeled by a linear cubic elasticity law.
Hence, three elasticity moduli are used, C11; C12 and C44.
Concerning the viscoplastic behavior, the resolved shear stress
on each slip system (s) is given by:
sðsÞi ¼ rgi : mðsÞgi with mðsÞgi ¼
1
2
nðsÞi  bðsÞi þ bðsÞi  nðsÞi
 
ð1Þ
where rgi ; b
ðsÞ
i and n
ðsÞ
i deﬁne, respectively, the stress tensor of grain
(g), the slip direction and the direction normal to the slip plane of
slip system (s). The shear strain rate is given by a power law:
_cðsÞi ¼
sðsÞi
  sðsÞli
Ki
0
@
1
A
ni
signðsðsÞi Þ if sðsÞi
 P sðsÞli ;
_cðsÞi ¼ 0 otherwise ð2Þ
where Ki and ni are viscosity parameters. The critical shear stress is
calculated by:
Table 2
Cubic elasticity moduli for austenitic and ferritic phases.
Phase C11 ðMPaÞ C12 ðMPaÞ C44 ðMPaÞ
Austenite 197,865 125,254 90,764
Ferrite 217,172 137,476 99,620
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ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃX
t
htðsÞi qti
r
ð3Þwhere s0i ; bi; l and h
tðsÞ
i are, respectively, the initial critical shear
stress, the Burgers vector, the shear modulus and the interaction
matrix that characterizes interactions between slip system (s) and
the other slip systems. In this model, a simple form of this matrix
is chosen. Diagonal terms, associated to the self-hardening, are
equal to 1, and non-diagonal terms, associated to the latent harden-
ing, are equal to a constant parameter hi. The evolution of the dis-
location density on slip system (s) is given by (Esmann and
Mughrabi, 1979):Table 3
Viscoplastic parameters for austenitic and ferritic phases (Evrard et al., 2008a).
Parameters b (m) q0 ðm2Þ K (MPa s1/n)
Austenite 2:5 1010 1012 20
Ferrite 2:5 1010 1012 20
Fig. 5. Maps of displacements U1 after a monotonous tension test up to 0.5% macroscopic
Experimental results, (b) results of simulation with homogeneous experimental boundary
the right)._qðsÞi ¼
1
bi
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃP
t–sqti
p
Li
 2yciqðsÞi
 !
_cðsÞi
  with qðsÞi cðsÞi ¼ 0  ¼ q0i
ð4Þwhere Li is a material parameter controlling the dislocation produc-
tion and yci is a material parameter proportional to the characteris-
tic distance associated to the annihilation process of dislocation
dipoles.
Elasticity moduli are obtained from nano-indentation tests
(Jaupitre et al., 2005) using the lower bound of Voigt. In addition,
it is supposed that the elasticity anisotropy factor is the same for
both phases (Bugat, 2000) and is that of a-iron. Table 2 gives the
cubic elasticity moduli for each phase.
In a previous paper (Evrard et al., 2008a), a speciﬁc bi-phased
polycrystalline model has been proposed to model the cyclic plas-
tic behavior of the forged duplex stainless steel. The model takes
into account the bi-phased character of the material and the differ-
ent mechanical behaviors of austenitic and ferritic grains. Finally,
the macroscopic mechanical behavior is obtained using the Caille-n L h s0 ðMPaÞ yc ðnmÞ
10 33 0.6 100 3.2
10 143 0.5 214 2
total strain. Comparison between experimental measurements and simulations: (a)
conditions (on the left), with heterogeneous experimental boundary conditions (on
Fig. 6. Maps of displacements U2 after a monotonous tension test up to 0.5% macroscopic total strain. Comparison between experimental measurements and simulations: (a)
Experimental results, (b) results of simulation with homogeneous experimental boundary conditions (on the left), with heterogeneous experimental boundary conditions (on
the right).
Fig. 7. Maps of displacements E11 after a monotonous tension test up to 0.5% macroscopic total strain. Comparison between experimental measurements and simulations: (a)
Experimental results, (b) results of simulation with homogeneous experimental boundary conditions (on the left), with heterogeneous experimental boundary conditions (on
the right).
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Table 4
Experimental and simulated mean strain (MS), standard deviations of strain (SD) and
simulation errors for the total zone, the austenite and the ferrite (simulations using
heterogeneous boundary conditions).
Experimental
MS
Simulated
MS
Error
(%)
Experimental
SD
Simulated
SD
Error
(%)
P. Evrard et al. / International Journal of Solids and Structures 47 (2010) 1979–1986 1985taud–Pilvin self-consistent model. Viscoplastic parameters for each
phase are evaluated using the literature results and an inverse
identiﬁcation procedure, which consists of a quantitative compar-
ison between simulation with this bi-phased polycrystalline model
and experimental macroscopic stress–strain curves. Table 3 gives
the law parameters obtained in Evrard et al. (2008a).Total
zone
6:1 103 6:7 103 8.5 5:9 103 4:9 103 17
Austenite 6:8 103 6:8 103 0.1 5:5 103 4:1103 26
Ferrite 5:6 103 6:6 103 14 6:  103 5:3 103 107. Results
7.1. Comparison of measured and calculated displacement ﬁelds
U1 and U2 displacement ﬁelds measured experimentally after
0.5% macroscopic total strain are given in Figs. 5a and 6a, respec-
tively. Intraphase and intragranular heterogeneities on both U1
and U2 displacement ﬁelds are observed. U1 and U2 displacementsFig. 8. Distribution of deformations E11, (a) in the scanned zone, (b) in the austenite,
and (c) in the ferrite. Comparison between experimental measurements and
simulations using heterogeneous boundary conditions.simulated using homogeneous experimental boundary conditions
are given in Fig. 5b (left) and Fig. 6b (left), respectively. Those sim-
ulated using heterogeneous experimental boundary conditions are
given in Figs. 5c (right) and 6c (right), respectively.
For easy comparison, Figs. 5 and 6 use the same color scale.
Clearly, homogeneous experimental boundary conditions do not
account for the spatial distributions of the displacements mea-
sured experimentally. On the contrary, heterogeneous experimen-
tal boundary conditions account relatively well for experimental
displacement distributions and intensities.7.2. Comparison of ﬁelds of E11 component of the strain tensor
E11 strain ﬁeld obtained by derivation of U1 displacement ﬁeld
measured experimentally is given in Fig. 7a. The strongest hetero-
geneities are observed in austenitic grains (blank ovals) and in fer-
ritic grains near the most deformed austenitic grains (red3 ovals).
Locally, strains can reach 2%, about four times the applied macro-
scopic strain. Furthermore, strong intraphase and intragranular
strain heterogeneities are observed in both austenite and ferrite.
Fig. 7b gives the simulation results with homogeneous and het-
erogenous experimental boundary conditions, respectively, on the
left and on the right. The color scale is the same for both experi-
mental and simulation results. With homogeneous experimental
boundary conditions, calculated strains are localized in bands ad-
justed at ±45. These bands cross several grains and do not respect
the experimental strain ﬁeld. With heterogeneous experimental
boundary conditions, no band can be seen. Zones highly deformed
in the simulated strain ﬁeld (blank ovals in the austenite and red
ovals in the ferrite) agree in position with the experimental strain
ﬁeld. It can be noted that strain intensities in these zones are a lit-
tle lower in the numerical strain ﬁeld than in the experimental one.
On the contrary, strains calculated in some other zones, as the
small zone marked by the black oval near the boundary, do not ac-
count for the experimental strain measured. In conclusion, only
heterogeneous experimental boundary conditions allow to account
for intraphase and intragranular strain heterogeneities.
The experimental and simulated distributions of E11 strains are
plotted for the scanned zone (Fig. 8a), for the austenite (Fig. 8b)
and for the ferrite (Fig. 8c) using heterogeneous boundary condi-
tions. The three experimental distributions are centered on a mean
deformation. Moreover, a relatively good agreement is observed
between experimental data and simulation results. However, com-
paring the mean strains and standard deviations for the total zone,
the austenite and the ferrite obtained experimentally and numeri-
cally (Table 4), it can be seen that only the mean strains in the total
zone and in the austenite are correctly described (errors inferior to
10%). In the ferrite, the overestimation is due to the zone within the
black oval near the boundary (Fig. 7c). Furthermore, in the three
zones (total, austenite and ferrite), standard deviations of strain3 For interpretation of the references to color in Fig. 7, the reader is referred to the
web version of this paper.
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phase heterogeneities.
8. Conclusions
Since few years, many efforts have been done in order to con-
struct realistic numerical microstructures. In this paper, from EBSD
measurements, a quasi-2D numerical microstructure of a duplex
stainless steel was constructed. A crystal plasticity calculation
was then performed in order to predict strain ﬁelds at the grain
scale, during a monotonous tension test up to 0.5% of macroscopic
total strain. Simulation results were compared to experimental
kinematic ﬁelds measured by DIC at the grain scale. Intraphase
and intergranular heterogeneities were evaluated, and allowed to
compare two types of experimental displacement boundary condi-
tions: homogeneous and heterogeneous.
The results show that only heterogeneous boundary conditions,
obtained by DIC measurements, are able to account for the spatial
distribution and intensities of displacements and strains observed
experimentally, especially intraphase and intragranular heteroge-
neities. Consequently, from a quasi-2D numerical microstructure,
much less difﬁcult to generate than a 3D numerical microstructure,
a good description of mechanical ﬁelds in a duplex stainless steel
was obtained at the grain scale. Strain heterogeneities predicted
at the grain scale, which are responsible for plastic activities and
damage, allow then to study and test the inﬂuence of various
parameters on damage and crack initiation.
In a future work, the microstructure calculations presented here
will be adapted for cyclic loading in order to study damage and ini-
tiation in duplex stainless steel. This requires two speciﬁc develop-
ments. Firstly, it will be necessary to introduce kinematic
hardening in the crystal plasticity law in order to take into account
the Bauschinger effect which is important in this material.
Secondly, a speciﬁc study has to be done in order to deﬁne the best
way to take into account the boundary conditions under cyclic
loading, in terms of non-linearity in time and in space.
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